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EXECUTIVE SUMMARY

In spite of highly standardised protocols designed to maximise the degree of repeatability
and accuracy, traditional anthropometric data are not as reliable as they appear. Many
factors come into play during the physical measurement of human subjects, resulting in
numerous possible sources of error. Researchers have found the magnitude of these
errors to be such that, even if measured by highly trained observers, companson of two
populations may be meaningless. -

Computerised image-based systems can overcome some of the problems of traditional
anthropometry, such as error due to instrument alignment, the pressure exerted on soft
tissue by the various measurement instruments, or even transcription errors. However, all
sources of error have not been eliminated. In image-based systems, the sources of error
take the form of perspective distortion, camera resolution, and inadequacy of the
mathematical models used to estimate circumference measurements.

The accuracy of measurements made by an image-based clothing and equipment sizing
system was estimated using a database of 349 subjects (male and female) who were also
measured traditionally. The precision, or repeatability, of this system was estimated
through repeated measurements of both a plastic mannequin and a human. Although the
image-based system did not exhibit systematic bias in the results, the standard deviations
were somewhat smaller for some dimensions than those obtained by manual -
measurement. The repeatability results were comparable to those obtained by highly
trained anthropometrists, as reported in recent large-scale surveys. The reliability of the
measurements needed for clothing, i.e. the proportion of error of measurement to
biological variability, was greater than 99% in all cases.

The degree of accuracy and precision of the measurements required for the selection of
clothing and equipment size was put into perspective with the realities of short-term
fluctuations in body size, clothing design, and manufacturing tolerances. When a
balanced approach is used, neck circumference is found to be, by far, the anthropometric
dimension requiring the greatest amount of accuracy. Because of the ease with which it
can be identified and measured by image processing, it is also the system’s most
accurately measured circumference.

When properly designed and calibrated, image-based systems can provide unbiased
anthropometric measurements that are quite comparable to traditional measurement
methods (performed by skilled measu:ers) both in terms of accuracy and repeatability
The quality of the results depends, in large part, on the dependab111ty of the automatic
landmarking algorithms and the correct modelling, but once this is achieved, this type of
system can provide a reliable basis for the measurement of a population, regardless of
where, when or by whom, it is operated.
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INTRODUCTION

In spite of highly standardised protocols designed to maximise the degree of repeatability
and accuracy, anthropometric data are not always as reliable as they appear. Many
factors come into play during the measurement of human subjects, resulting in numerous
possible sources of error. Some of the important sources include posture, identification
of landmarks, instrament position and orientation, and pressure exerted by the measuring
instrument, to name a few (Davenport et al., 1935). In fact, it has been said that true
values are seldom measured in anthropometry (Jamison & Zegura, 1974).

Researchers have found the magnitude of these errors to be such that, even if measured
by highly trained observers, comparison of two populations may be meaningless (Bennett
& Osborne, 1986). In a comparative study by Kemper & Pieters (1974), fifty boys (12
and 13 years of age) were measured independently by experienced observers in two
institutes. Both teams of observers were trained to the same measurement techniques and
used the same measuring instruments. In spite of this, systematic differences were found
in 9 of the 12 measurements taken. Pearson correlation coefficients between 0.872
(biacromial diameter) and 0.996 (stature) were found for the measurements taken by the
two groups. Although the lowest correlation (biacromial diameter) did not present
systematic errors, it suffered from repeatability problems (precision error).

In another study of anthropometric inter-observer error, Jamison & Zegura (1974)
compared the measurements made by two anthropometrists on the same group of 42
individuals (20 males and 22 females). The same instructor had trained both
anthropometrists at the same time. The results, which were analysed univariately and
multivariately, showed a significant degree of systematic bias between the observations.
Only 5 out of 16 measurements had correlations higher than 0.90, which can be
interpreted as meaning that only 81% (1* = 0.90%) of the variability is accounted for. The
results of these and many more studies show how difficult it is to measure humans, even
under controlled conditions and after extensive training of the observers.

Computerised image-based systems, such as the Intelligent Clothing and Equipment
Sizing System (ICESS), can overcome some of the problems of traditional
anthropometry. For instance:

- specialised training of observers is not required, since the computer contains
all of the expertise required;

- image processing and shape recognition algorithms can repeatably identify
key body shape features;

- measurements are not biased by pressure exerted on soft tissue;
- reading and transcription errors are eliminated.

All errors are not eliminated, however, as is the case for any measurement system. In the
case of ICESS, the sources of error take the form of perspective distortion, camera
resolution, and inadequate models for circumference measurements. The objective of




this paper is to evaluate the accuracy of the measurements made by ICESS, and put them
in perspective with traditional anthropometry and the clothing application it was designed
for.

BACKGROUND
Error

The error of a measurement is defined as the difference between the measured value and
the true value of the item being measured. Errors can be catalogued as either random
(precision error) or systematic (bias error). Precision is defined as the difference in
values obtained when measuring the same object repeatedly. It has an average value of
zero. Accuracy is the difference between the measured and true values. Bias error,
which occurs in the same way on each measurement, affects the accuracy of a
measurement while random error affects precision. The result of both types of error is
called uncertainty, and is defined in the following way (Beckwith et al., 1993):

U, =(B+P2)"

Where B is the bias and P is the precision, both of which should have the same
confidence level, i.e. 95%.

This concept of error is useful, but it relies on knowledge of the true value of what is
being measured. Since any measurement contains error, the pure error can not be
calculated. However, it can be estimated. Precision error can be estimated by taking a
large number of readings on an individual and by using a statistical model to determine
the expected spread of values at a given probability level. Bias error, on the other hand,
requires comparison of measurements with a more accurate method/instrument. This is
difficult to do in anthropometry, given that the best available method is one that contains
non-negligible error itself.

ICESS

System description

ICESS is a PC-based system comprised of two Kodak DC120 colour digital cameras
(1280 x 960 pixels) and a blue backdrop embedded with calibration markers (Figure 1).
The system takes simultaneous (within a fraction of a second) front and side pictures of
individuals standing with their arms alongside slightly abducted. By taking both images
simultaneously, the exact posture in space is captured, and it is possible to recover the
object’s three-dimensional size.
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Figure 1 Plan view of ICESS setup.

The image analysis process, illustrated in Figure 2, requires a) pre-processing of the
images, b) calibration of the cameras, ¢) segmentation of the body from the background,
d) landmark detection, and e) calculation of the anthropometric variables.
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Figure 2 Image analysis process.
Potential sources of error can be found at each of these steps. The following is a short
discussion of these sources and what was done in ICESS to mitigate their effect:

a) Image pre-processing is required in order to remove image noise. This noise may
come from the image sensor pixel, the analog-to-digital converter, uncontrolled




b)

c)

d)

lighting, or even dust between the camera and the viewing object. These random
sources of noise can cause instability of some of the image processing algorithms.
There are a number of image data restoration algorithms. However, there is always a
compromise between the amount noise reduction and the loss of useful information.
A medial filter (Schalkoff, 1989) was selected for ICESS because of its better
structure preservation qualities.

Camera calibration is required to calculate camera parameters such as the focal
length, the position and orientation (relative to the object co-ordinates), the optical
axis centre, and the lens distortion. Calibration errors were minimised by relying on
the accurate positioning of the calibration markers on a solid substrate. The markers
are inextricably linked to the image so that inadvertent movement of the cameras
between pictures is of no consequence, and to allow re-processing to be performed.

Segmentation of the individual from the background is one of the factors affecting
measurement accuracy. For this reason, special attention was paid to how
segmentation was performed. An adaptive, multi-pass segmentation process was
designed for ICESS in which the general body features were identified in the initial
pass, followed by a more refined segmentation based on this knowledge.

ICESS does not require the prior landmarking of subjects. It is able to detect the
location of landmarks automatically using shape information. Identification of the
landmarks is highly dependent on shape, and as such its accuracy will vary according
to where the measurements need to be taken. The use of colour allowed landmarks
such as crotch height and chest breadth to be identified. These are often obscured in
high contrast or shadowed images. Much effort was spent on landmark identification
algorithms that were robust enough to work for all body shapes and sizes.

Lengths, breadths and depths are measured directly by the system, while
circumferences are obtained indirectly through modelling. Direct measurements are
not sources of error in and of themselves, but rather a reflection of the errors injected
in the previous four steps. Indirect measurements, on the other hand, require the
combination of direct measurement using a mathematical model. They are therefore
subject to direct measurement error, model errors as well as errors from the four
previous steps.

Theoretical assessment of error

An estimate of measurement error can be made from a theoretical perspective, using the
camera resolution as the starting point. The cameras used in ICESS have 1280 by 960
pixels covering an area that is approximately 2.5 m by 1.8 m at the subject. This
corresponds to a resolution of 2.0 mm/pixel. Assuming segmentation error of plus or
minus one pixel, direct measurements requiring two points (i.e. for breadths, depths, and
heights) will likely fluctuate within + 2 mm (2 pixels x 2 mm/pixel) of the true value.
The maximum error, which is obtained when both points err in making the dimension too
small or too large, would put the result within + 4 mm of the true value (2 pixels x 2
mm/pixel).




Circumferences can not be measured directly using only front and side pictures. They
must be estimated from direct measurements of breadth and depth using mathematical
models. The choice of model depends on the cross-sectional shape being measured.
Assuming a perfect model, as is the case for the measurement of a cylindrical object, the
maximum error will occur when both breadth and depth measurements err on the same
side. The circumference measurement should be within =6 mm (nx (d,-d,) =7 x 2

mm) of the true value for a one pixel error on the circumference, or 13 mm for a two
pixel error.

Error coming from the model is very difficult to estimate from a theoretical standpoint
since it is specific to the shape being measured. For example, an elliptical model may be
used to estimate hip circumference using hip breadth and depth as input. Since hips are
not usually perfectly elliptical, a certain degree of error can be expected from such a
model. This error is in addition to segmentation and resolution error made on the two
direct measurements required as input to the model. Empirical data are required to
determine the magnitude of this error.

METHODOLOGY
Accuracy assessment

The accuracy of the image-based system was assessed by comparing image-based
measurements with manual measurements taken by anthropometrists during the 1997
survey of the Canadian Land Forces (Chamberland et al., 1998). Six dimensions were
selected because of their relevance to clothing sizing, which is the main purpose of the
system. These were: stature, neck circumference, chest circumference, waist
circumference, hip circumference, and sleeve length (spine-wrist).

The test sample consisted of a subset of 349 subjects (95 females and 254 males) from
the survey that had been measured both with traditional methods and with the image-
based system. The image capture was performed within 90 minutes of the traditional
measurements to avoid the effects of daily body variations. T-tests were performed to
compare the means of all dimensions. Waist circumference was excluded from this
comparison due to the difference in measurement definition between the two methods.

Precision assessment

The precision of the image-based system was determined by performing repeated
measurements on a full size plastic mannequin as well as on a human subject. All image
capture and analysis sequences were performed in succession (every minute or so) such
that camera calibration and lighting conditions were relatively constant. The mannequin
was used in order to exclude variations due to breathing movement and postural
differences from picture to picture. The subject was instructed to stand with the arms
slightly abducted along the side the body during picture taking, and to move away from
the platform between measurements. Thus, the precision estimates obtained this way
contain variability coming from postural differences, breathing movement, and
repositioning from one set of images to the other.




RESULTS
Accuracy

ICESS currently performs over 30 anthropometric measurements. Six of these
dimensions are of particular interest in clothing sizing, which is the main purpose of the
system. These are: stature, neck circumference, chest circumference, waist
circumference, hip circumference, and sleeve length (spine-wrist). A detailed analysis of
the performance of ICESS compared to the manual measurements taken during the LF97
survey was performed on those measurements, with the exception of waist
circumference. Waist circumference is unique in that the landmarks used by ICESS for
clothing purposes are different than those used in the LF97 survey. ICESS measures
waist circumference where trousers/slacks are worn, whereas the LF97 survey used
anatomically defined landmarks such as omphalion. Because of this difference, the two
measurements are not equivalent and can not be compared in the same manner as the
other measurements.

The results, shown in figures 3 to 14, illustrate the similarity of manual and ICESS
measurements. Comparison of the means obtained by those two methods, using t-tests
for dependent samples, showed no significant differences. Odd numbered figures show
box and whisker plots comparing the means (central dot), standard deviations (top and
bottom edges of the box), and the range of 95% of the observations (whiskers). Even
numbered figures show scatterplots of the raw results of manual and ICESS
measurements, illustrating how well correlated they are. Pearson correlation values, *“17,
are listed in the legend for each gender.
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Figure 3 Comparison of manual and ICESS stature measurements.
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Figure 12 Scatter plot of manual and ICESS sleeve length measurements
Precision

Mannequin tests

Thirty-five repeated measurements were made on a full size plastic mannequin. As
before, the measurements analysed were those currently required for clothing sizing. All
image capture and analysis sequences were performed in succession (every minute or so)
such that camera calibration and lighting conditions were relatively constant. Table 1
summarises the results of this test. Interpretation of Table 1 shows that, for instance, an
average stature of 182.20 cm was obtained; the range (difference between maximum and
minimum values obtained in the test) was 0.27 cm; 68% of the measurements were
within 0.068 cm of the mean (standard deviation (Std. Dev.)), while 95% were within
0.133 cm of the mean (1.96 Std. Dev. column).

Table 1 Mannequin repeatability results (cm).

Variable Mean Range Std.Dev. 1.96 Std.Dev.
Stature 18220 0.27 0.07 0.13
Neck circumference 35.96 0.51 0.13 . - 0.26
Hip circumférence 94.65 1.24 0.32 0.63
Waist circumference 85.59 0.90 0.27 0.54
Chest circumference 95.98 1.28 0.31 - 0.61
Sleeve length 83.11 429 1.10 2.15

11
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Figure 13 Box plot of repeated measurements of a mannequin with ICESS.

Human tests

Ten measurement cycles of a single individual were made within a 15- mmute period. The

results are shown in Table 2 and Figure 14.

Walst cire,

Sleeve length  Chest circ.

Table 2 Human repeatability results (cm).

Variable Mean Range Std.Dev. 1.96 Std. Dev.
Stature 181.70 0.46 0.16 0.32
Neck circumference  36.87 0.58 0.19 0.38
Hip circumference 97.83 1.14 0.39 0.77
Waist circumference 87.33  1.51 0.49 0.95
Chest circumference 9642 1.57 0.57 1.11
Sleeve length 88.70 3.56 1.02 2.01

12
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Figure 14 Box plot of repeated measurements of a male subject with ICESS.

DISCUSSION
Accuracy

As a group, the overall results did not indicate the presence of large systematic errors in
ICESS compared to the manual measurements made during the LF97 survey. This is not
surprising since indirect measurement models were fine-tuned using the LF97 survey
data. However, there was evidence of differences with respect to the spread of results of
sleeve length mostly, and to a lesser degree female neck circumference. In both cases,
the spread of ICESS results was somewhat smaller than those taken manually (see
Figures 5 and 11). The small difference in neck measurement spreads may have been due
to differences in landmark identification and means of measurement between the two
methods. In the manual method, accuracy can suffer from improper positioning of the
measuring tape and skin compression. In image-based measurement, accuracy can suffer
from unreliable landmarking and inadequate circumference modelling.

The difference in distributions is even greater for the sleeve length measurement (Figure
11). The accuracy of sleeve length suffers from variations in the posture of subjects, on
one hand, and wrist and shoulder landmark detection inconsistencies. A study of the
LF97 survey images confirmed the presence of inconsistent hand postures (some in
pronation, some in supination), arms that were not in a vertical plane, and bent elbows.
These can be remedied by providing subjects with better instructions on how to achieve
the proper posture. In fact, since the survey, better control of posture has helped obtain
results that were more consistent. Although the unreliability of landmark detection is
partially remedied by adopting a proper posture, improvements to the algorithms will
nevertheless be required in order to improve accuracy.
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Precision

The theoretical assessment of the measurement error made earlier suggested that an error
of the order of + 0.4 cm and + 1.3 c¢m could be expected on direct and indirect
measurements respectively. The results of repeatability tests performed on the plastic
mannequin showed the actual errors to be smaller, indicating that the theoretical
assumptions were perhaps a little too conservative. The direct measurements of stature
were within 0.13 cm of the mean, 95% of the time. Where the mannequin’s shape
attributes were true to life (i.e. except for hinged joints, non-standard posture and
unnatural shapes), reliable landmark positions were obtained. Hinges at the shoulder,
elbow and wrist hindered the repeatability of sleeve length measurements. Fluctuations in
this measurement in particular were unavoidable because the landmark detection software
was developed to recognise real human shape. Other than for the neck, circumferences
were found to be within 0.63 cm of the mean, 95% of the time (Table 1). Neck
circumference exhibited significantly better repeatability due, in part, to special attention
paid during the development and the fact that it is relatively easy to locate and measure. .

Overall, it would appear that segmentation and landmark identification errors tend to
fluctuate, on average, by one pixel on a given direct measurement, rather than the
assumed two. The ratio of three between direct and indirect measurement error derived
in the theoretical assessment was consistent with the circumference measurements
observed in the data, i.e. T x 1 pixel x 0.2 cm/pixel = 0.63 cm.

For the most part, repeated measurements of a human subject showed the same basic
trend as for the mannequin, i.e. direct measurements were more precise than
circumferences, and neck circumference was more repeatable than other circumferences.
In most cases, the human results exhibited more variability in measurement than the
mannequin did. Figure 15 shows a comparison of the spread of measurements (1.96 x
standard deviation) for both the mannequin and human subject. The largest difference
between mannequin and human subject measurements are for waist and chest
circumferences. This can be partly explained by torso movement during breathing
(expansion and contraction of the rib cage and abdomen) and differences in posture from
picture to picture (arm position, relaxed or tight posture).
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Figure 15 Range of measurements (1.96*SD) observed in repeated measures of a
mannequin and human subject.

The results of the ICESS repeatability study on a human subject were compared with
those of recent large-scale surveys where accuracy and precision were monitored
throughout. The first survey was conducted on the Canadian Land Forces personnel in
1997 (Chamberland et al., 1998). The second survey was conducted on US Army
personnel in 1988 (Gordon et al., 1989). In both cases, repeated measurements were
implemented as part of the routine during the survey. The LF97 measurement error data
pertains to a single observer repeating measurements on the same subject with the same
landmarks within minutes (10 to 90 minutes) of the first measurement (see Forest et al.,
1999 for details). This can be viewed as the best case scenario in terms of repeatability,
since it is assuined that the same observer will measure in the same way every time. The
approach used in the US Army survey was similar in all respects except that that the re-
measurement was done by a second observer. This case can be viewed as the best case
scenario for repeatability by different observers, since both observers were highly trained
~ on the dimensions specific to their measuring station.

The technical error of measurement (TEM), which is essentially a form of standard
deviation, was used as the basis for comparison. Figure 16 shows the TEMs for ICESS
measurements on a mannequin and human compared to single (Forest et al., 1999) and
dual observer results (taken from Gordon & Bradtmiller, 1992). The results indicate that
the repeatability of ICESS measurements made on the mannequin and human are similar
to the single observer results for stature and neck circumference. The single observer
results had the lowest TEMs for all other measurements, followed by ICESS
measurements on a mannequin and on a human. The TEM results of re-measurements
made by two observers were worse than either of the ICESS TEMs. In its current
configuration, ICESS repeatability of mannequin measurements is better than that
obtained when two highly trained observers measure the same subject with the same

15




landmarks, but slightly worse than when a single highly trained observer does the same.
The differences observed between mannequin and human repeatability results show that
the effect of posture and breathing during image capture is measurable by ICESS. Better
precision could be obtained by controlling these factors, if required.

It should be noted that the survey results did not include landmarking error (the subjects
had the same landmarks during re-measurement), whereas the ICESS results (the
landmarks are located automatically after each image capture). Thus, if landmarking
error were to be taken into consideration in the manual survey data, then ICESS would
compare even more favourably.

I Single observer 02D on mannequin 2D on human C1Two observers (Gordon & Bradumiller, 1992)
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Figure 16 Comparison of TEM (technical error of measurement) obtained by ICESS on
a human subject and expert manual measurements.

Reliability

Mueller & Martorell, 1988 state that two pieces of information are sufficient to
characterise the reliability of an anthropometric variable: the TEM and the reliability
coefficient. The reliability coefficient (R) is an interesting metric in that it compares the
variability due to measurement error (r°) against the biological variability of that
dimension (sample variance s°). It is computed using the following equation:
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where r is the technical error of measurement, n is the number of subjects and k is the
number of measurements per subject.

If the measurement error is small compared to the standard deviation of the sample then
the reliability of that measurement will be high. Reliabilities above 90 to 95% have been
recommended for the selection of variables in a survey (Gordon & Bradtmiller, 1992).
The reliability coefficients obtained by ICESS were well above that for the dimensions
shown in Table 3.

Table 3 Reliability of ICESS measurements for five anthropometric variables
Reliability -

Stature 99.9%

Neckcirc.  99.3%

Hip circ. 99.7%

Chestcirc.  99.6%

Waist circ.  99.7%

Clothing perspective

The ultimate goal of ICESS is to determine the best fitting size of garment for a given
individual. Anthropometry is one side of the equation, but clothing size and design is on
the other. An idea of how much accuracy and precision is required for clothing size
prediction can be obtained by considering the clothing itself. The following are a few of
the factors that offer some clues as to how much accuracy is required. These are:

e Garment design or cut. If the clothing is more forgiving, i.e. is either loose fitting
(such as combat clothing) or elastic (underwear), then a low degree of accuracy is all
that is required. If the clothing is less forgiving, i.e. a close fitting dress uniform,
then a higher degree of accuracy and precision is required, but only in key areas.
Even in close fitting garments, there is a certain amount of ease included to allow for
movement and comfort. Shirts are usually loose around the chest but snug at the
neck, for instance.

e Manufacturing tolerance. It is difficult (and costly) to maintain tight manufacturing
tolerances on manufactured items such as clothing. Table 4 shows some of the
manufacturing tolerances currently in effect for CF trousers and shirts. While a high
degree of accuracy and precision in anthropometric measurements is always
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desirable, it must be balanced against the ease provided in the garment design and
the magnitude of manufacturing tolerances. The overall effectiveness of a clothing
sizing system will only be as good as the weakest link.

Table 4 Manufacturing tolerances for CF dress trouser and shirt
Tolerance (cm)

Trouser waist +1.3
inseam +13
Shirt neck +0.3
chest +13
sleeve +1.3

¢ Clothing size increments. The clothing size increments are an indicator of the
criticality of some of the body measurements and of the importance given to fit.
Clothing items that only require three sizes will either be very adjustable or very
loose fitting. Consequently, accurate measurement of the body will not be
necessary. Clothing items that require 40 sizes, such as in the case of the dress shirt,
reflect the need to achieve good fit (and a lack of adjustability). Size increments for
the dress uniform are shown in Table 5.

Table 5 Clothing size increments for CF dress uniform
size increments (cm)

Trousers stature 7.6
waist 5.1

Shirt neck 1.3
sleeve length 5.1

Jacket  stature 7.6
chest 5.1

Body variation

Anthropometric accuracy and precision must also be balanced against body changes over
minutes (breathing), hours (diurnal changes such as stature), days (weight changes),
weeks (waist circumference changes), etc. Several body dimensions can change
substantially over a short periods. Stature, for instance, has been known to change by 3
to 5 cm in a day depending on the amount of standing, walking and carrying done
(NASA, 1978). In view of this type of fluctuation, it does not seem reasonable to
measure within 0.1 cm a variable that can change by an order of magnitude during the
course of the day. Stature to the nearest centimetre or so should be sufficient.

Davenport et al., 1935 also reported changes in various body dimensions over time. In
those experiments, repeated measurements of one subject were made at various times of
day over a number of days by the same observer. The results (Table 6) show that
measurements varied significantly. For waist circumference measurements, 95% of them
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were within + 2.1 cm of the mean. Again, one could argue that measurement to within

0.1 cm is unnecessary for a dimension that can vary by an order of magnitude over a few
days.

Table 6 Results of repeated measurements of a subject at various times of
day over several days by one observer (Davenport et al., 1935).

1.96* s.d.
(cm)
Waist circumference 2.1
Chest circumference 1.5
Neck circumference 0.5

Measurement accuracy requirements

The first part of the discussion dealt with the capabilities of the image-based
measurement system when compared with skilled human measurement. But the answer
to the question “How much measurement accuracy is required?” can only be answered in
the context of the application. For clothing sizing, a large part of the answer comes from
the manufacturing tolerances. In a sense, the manufacturing tolerances represent the
limits of a trade-off between fit of the clientele and cost of the garment. They could be
interpreted as an amount of fluctuation in garment dimensions having minimal impact on
fit for most of the customers of that nominal size. By extension, it could be said that
given a garment size, the same amount of fluctuation in body measurement would also
have minimal impact on the fit of a garment.

From a measurement standpoint, it is also important to balance the accuracy against
short-term body variations. These variations